The mechanisms that regulate mammary blood flow during lactation are not fully understood. In the present study laser Doppler flowmetry (LDF) was used to measure blood flow in the cutaneous microvessels of the mammary gland of lactating rats. The effects of suckling on blood flow were examined, as were those of local injection of oxytocin (0n5-5 mU) and the vasoactive peptides calcitonin gene-related peptide (CGRP ; 0n1-10 pmol), vasoactive intestinal polypeptide (VIP ; 0n4-20 pmol) and neuropeptide Y (NPY ; 1-40 pmol). Blood flow responses to suckling varied depending on how much time had lapsed since the previous suckling. In rats with milk in the gland, suckling caused an initial increase in blood flow. In connection with milk let-down, the blood flow decreased, but was followed by a second increase. In recently suckled rats with no milk in the gland the increase in blood flow corresponded to the number of pups suckling. Oxytocin injections also had varying effects on mammary blood flow depending on how recently suckling had taken place. In non-suckled rats with milk in the gland, oxytocin injections caused a rise in blood flow that was interrupted by a fall during milk ejection. In recently suckled rats, all doses of oxytocin caused an increase in blood flow of similar magnitude. However, the effect of the higher doses had a longer duration. CGRP and VIP injections caused a dose-dependent increase in mammary blood flow regardless of when suckling last occurred. NPY injections caused a dose-dependent decrease in blood flow.
Lactation is accompanied by an increase in blood flow to the mammary gland (Katz & Creasy 1984 , Janbu et al. 1985 , Thoresson & Wesche 1988 . This increase probably serves to increase delivery of substrate to the milk-producing cells ; studies in goats and cows show a high correlation between blood flow and milk yield (Linzell 1974 , Burvenich 1980 , Davis & Collier 1985 . In addition increased cutaneous circulation may provide warmth for the offspring ; in fact it is known that initiation of breast-feeding is followed by increased skin-temperature of the breast (Marshall et al. 1992) .
A number of factors have been suggested to contribute to the regulation of the mammary blood flow (Linzell 1974) . The sympathetic nervous system has been shown to play a major role in maintaining normal vascular tone in the mammary gland. Locally produced substances such as adenosine and prostaglandins have been suggested to influence mammary vascular resistance (Linzell 1974 Peaker 1981, Sheperd 1982) . The stimulus of suckling triggers an increase in mammary blood flow (Katz & Creasy 1984) . The mechanism behind this has not been extensively studied. Hypothetically it could be a result of the release of oxytocin from the pituitary gland, since oxytocin has been shown to have vasodilatory properties (Deis et al. 1963 , Brotanek & Kazda 1965 ) and increase mammary blood velocity in female breast (Janbu et al. 1985) . Circulating oxytocin could thus, in addition to causing milk ejection, increase blood flow locally in the mammary gland and in the nipple area. Nervous reflex mechanisms may also affect the suckling-related increase in blood flow. There is evidence that both spinal and local reflexes are involved in the control of milk production (Cross 1954 , Grosvenor 1965 . In other skin areas, blood flow has been shown to be regulated by the release of vasoactive peptides such as CGRP and SP from local nerve fibres (Sann et al. 1988) . The mammary gland, including the nipple of lactating rats, has been shown to contain several vasoactive neuropeptides such as CGRP, SP, VIP and NPY (Traurig et al. 1984 , Eriksson et al. 1995 .
In the present investigation we studied how suckling, oxytocin, CGRP, VIP and NPY influence cutaneous mammary blood flow in an attempt to elucidate the mechanism behind the increased blood flow seen in relation to suckling.
METHODS
Lactating Sprague-Dawley rats (n l 6) from ALAB, Stockholm, Sweden, were used. The rats were anaesthetized with chloral hydrate 400 mg kg −" (i.p.). Body temperature was kept constant at about 38 mC with a thermostatically controlled electric blanket, and the animals breathed spontaneously throughout the experimental procedure.
The blood flow was measured using laser Doppler flowmetry. Standard model fibre optic probe applied to the skin surface overlying the mammary gland or to the lambeau (see below). The probe was placed in a metal holder or mounted in a frame to prevent movement. It was then connected to a Periflux PF2b Laser Doppler Flowmeter (Perimed KB, Stockholm, Sweden). The time constant was set to 1n5 s and the band width was set to 4 kHz. Systemic blood pressure was measured in the carotid artery in separate suckling experiments to prevent surgical stress affecting the lactating mother. In experiments where drugs were injected, the blood pressure was measured from a catheter in the femoral artery.
Two types of experiments were performed.
(1) Suckling on intact nipple. In these experiments the laser Doppler probe was mounted on a metal holder and applied to an intact nipple of the mammary gland, just lightly touching the skin.
(2) Retrograde injections into the mammary vein of oxytocin, CGRP, VIP and NPY. The doses given were as follows : oxytocin 0n5, 2, 5 mU ; CGRP 0n1, 1, 5, 10 pmol ; VIP 0n4, 4, 12, 20 pmol ; NPY 1, 10, 25, 40 pmol. The volume injected was always 0n2 mL. Isotonic NaCl solution (0n2 mL) was injected as a control before and after administration of the test substances. The animals were shaved on the stomach and placed on their backs ; the skin surrounding the mammary glands was dissected out as a lambeau, giving access to the mammary vessels and nerve. The lambeau was 6 cm wide and 4 cm long and designed similarly in all the rats. The lambeau was dissected free from the deep fascia of the muscles and included the superficial fascia, panniculus carnosus, subcutaneous tissue and skin. The laser Doppler probe was applied to the lambeau as described above. In a recently suckled rat with no milk in the mammary gland, two pups were suckling, four pups were suckling, six pups were suckling and then all the pups were removed from the mother (0). The systemic blood pressure is illustrated at the top. 
RESULTS

Suckling experiments
Suckling was followed by different blood flow responses depending on whether the mammary gland was filled with milk or not. In non-suckled rats there was an initial rise in blood flow, followed by a decrease in conjunction with milk ejection, and then a second increase (Fig. 1 a, Table 1 ). In recently suckled rats, no milk ejection occurred and blood flow increased in relation to the number of pups suckling ( Fig. 1 b, Table 1 ). The systemic blood pressure was stable throughout the experiments. 
Injections of drugs
In rats with milk in the gland, oxytocin injection resulted in a response pattern similar to that seen during suckling (Fig. 2 a-c , Table 1 ). In contrast, when oxytocin was administered to a mammary gland that had been emptied of milk, either by suckling or by oxytocin injections prior to the experiment, an increase in the blood flow was detected. The peak blood flow value was of the same size for all doses but the duration of the effect was correlated to the dose (Fig. 3 a-c , Table 1 ). CGRP injections caused a dosedependent increase in blood flow, 5 pmol produced a 20 % increase in mammary blood flow. At the highest dose (10 pmol), the response was more protracted (Fig. 4 a- 20 % (Fig. 5 a-b , Table 2 ) but was short-lasting. NPY injections, on the other hand, caused a dose-dependent decrease of 15-40 % in cutaneous blood flow in response to 25 and 40 pmol, respectively. The duration of the effect was greater at the highest dose (Fig. 6 a-b , Table 2 ). The systemic blood pressure remained unchanged throughout the experiments (see at the bottom of Figs 2-6). 
DISCUSSION
The major finding of this study is that changes in cutaneous mammary blood flow induced by suckling or by injections of oxytocin are similar. Additionally, we show that vasoactive peptides, known to be present in nerve terminals within the mammary gland may increase (CGRP and VIP) or decrease (NPY) cutaneous mammary blood flow when injected locally in the mammary vein.
The suckling-induced increase in cutaneous mammary blood flow corresponds to the number of pups suckling. However, a decrease was detected during milk let-down and blood flow increased once more. The transient decrease is probably a result of mechanical pressure and constriction caused by milk passing through the ductuli. Injections of oxytocin into the mammary vein resulted in a blood flow pattern similar to that seen in response to suckling, indicating that oxytocin in the doses used may be involved in the increased mammary blood flow. If so, the role of oxytocin may be not only to stimulate milk let-down but also to increase cutaneous blood flow in the mammary gland. For example, oxytocin has been shown to increase mammary blood flow and hand blood flow in humans (Deis et al. 1963 , Brotanek & Kazda 1965 , Janbu et al. 1985 .
The mechanism by which oxytocin increases blood flow is not fully known. The vasodilatory effect of oxytocin may either be a direct effect on the vascular smooth musculature, or an indirect effect, mediated via a secondary release of vasodilatory peptides. This is supported by a study showing that oxytocin causes a release of VIP into plasma in dogs (Stock & Uvna$ sMoberg 1985) . It has further been demonstrated that the vasodilatory effect of oxytocin is dependent on an intact sympathetic innervation (Deis et al. 1963) .
The increase in cutaneous blood flow seen after suckling could also be secondary to neuronal activation, possibly as part of an axon reflex (Dhondt et al. 1977) , and to the release of vasodilatory peptides from the sensory nerves. The possibility of a peripheral release of peptides during suckling is supported by recent results in our laboratory showing the presence of CGRP-, VIP-and NPY-containing nerve fibres around blood vessels and milk ducts in the mammary gland (Eriksson et al. 1995) . CGRP has been shown to play a role in the regulation of vascular smooth muscle tone and it evokes a prolonged vasodilation of resistance and capacitance vessels (Brain & Williams 1988 , McEwan 1988 . VIP is considered to induce a non-cholinergic, non-adrenergic vasodilation with a time course of action similar to the response seen after nerve stimulation (Said 1984 , Gerstberger 1987 , Sundler et al. 1988 . In the present study we show that both CGRP and VIP administration increases cutaneous mammary blood flow thereby adding suggestive support for the suckling-induced release of these peptides to contribute to the increase in cutaneous blood flow observed in the mammary gland.
NPY is widely distributed in the peripheral nervous system and is found in many sympathetic fibres. In the present paper, injection of NPY caused a decrease of cutaneous mammary blood flow. Previously, it has been shown that exogenous NPY causes potent, longlasting reduction in local blood flow. The vasoconstriction evoked by NPY is further characterized by a slow onset and a long duration (Lundberg et al. 1985 , Wahlestedt et al. 1985 , McDonald 1988 .
In summary the present study illustrates the effects of suckling, oxytocin and of different peptides on cutaneous blood flow in the mammary gland. The present results further show that cutaneous blood flow increases in response to suckling and to oxytocin. In addition neuropeptides known to affect vascular smooth muscle such as VIP, CGRP and NPY were shown to affect cutaneous mammary blood flow. These peptides may interact with oxytocin in the regulation of blood flow in the mammary gland. Furthermore, our study suggests that NPY may be involved in the decrease in blood flow observed in connection with sympathetic activation (Grosvenor 1965 , Linzell 1974 . This study was supported by Fo$ reningen Mjo$ lkdroppen, Stockholm, Sweden.
